Abstract The spatiotemporal variability of the seasonal dynamics of the climate and vegetation index was analyzed, and the relationship between the vegetation index and various climate factors were explored across the Tibetan Plateau. Severe variations in mean temperature, accumulated precipitation, and the normalized difference vegetation index (NDVI) were observed in the spring, summer, autumn, and winter. It found that the maximum NDVI of the study area increased at rates of 0.5 % per 10 years for spring (March-May), 0.4 % per 10 years for summer (June-August), 1.3 % per 10 years for autumn (September-November), and 0.3 % per 10 years for winter (December-February). Moreover, the change trends for temperature and precipitation increased as a whole. We demonstrated the correlation among NDVI and mean temperature and accumulated precipitation, in season, with the results differing for each season.
Introduction
The climate has warmed by approximately 0.68°over the past 100 years (Walther et al. 2002) , which has significantly affected ecosystems in many regions (Wang et al. 2007) . Vegetation on land surfaces is not only the first layer of information that remote sensing collects; it also collects important information for studying plant growth (Gurgel and Ferreira 2003) . The most widely used vegetation index is the normalized difference vegetation index (NDVI), which is a good indicator of large-scale vegetation cover and vegetation productivity. One of the objectives in remote sensing studies is to explore how vegetation cover responds to climate changes (Schultz and Halpert 1995) . It is well known that climate and environment have an interactive relationship. Thus, many research studies have focused on the relationship between NDVI and climatic factors at the regional and global scale (Liu and Chen 2000) . The Tibetan Plateau, known as the ''world's third pole,'' is extremely sensitive to global changes. The alpine grassland on the Tibetan Plateau has an important function in the global carbon cycle. Thus, it provides an ideal area to study the interaction between climate and vegetation cover due to the complicated climate regime as well as a low population density and limited human activities on the Tibetan Plateau. Therefore, it is useful to research the spatiotemporal changes of vegetation and climate across the Tibetan Plateau.
Many studies have examined the relationship between NDVI distribution and different environmental factors. A significant warming trend has been reported for the Tibetan Plateau since the mid-1950s (Fan et al. 2010) , and climate warming is supposed to be the main cause of increased grassland yield in this region . In the southwestern region of China, the variation in annual mean temperature surpasses precipitation in affecting vegetation dynamics (Ji and Peters 2004) . In contract, in grassland and cropland, water balance accounts for 46 % of the NDVI variation (Chu et al. 2007 ). Moreover, climate response analyses have shown that NDVI values are more sensitive to precipitation variations than to temperature variations in the Lhasa area (Peng et al. 2010) , and that precipitation was the most important factor influencing tree growth in the northeastern Tibetan Plateau (Gao et al. 2010) . For example, the recovery and protection of alpine grasslands benefited from precipitation variation in these regions. Some studies have even indicated that the impact of regional climate change on alpine grassland net primary productivity was more detrimental overall than advantageous (Revadekar et al. 2012) . In fact, in terms of climatic factors, precipitation and temperature serve as important environmental factors that affect plant growth and distribution (Wang and French 1994) . In summary, climatic factors play an important role in the NDVI of the Tibetan Plateau. However, few studies have focused attention on the variety of seasonal climatic factors and the relationship with NDVI in the four seasons. The objectives of this paper are: (1) to analyze the temporal patterns of temperature and precipitation in the different seasons; (2) to identify the spatial and temporal patterns of NDVI variability in the different seasons; and (3) to diagnose the characteristics of vegetation that changed in accordance with temperature and precipitation in the different seasons.
Materials and methods

Study area
The Tibetan Plateau (80°-105°E, 27°-37°N), located in southwest inland China (Fig. 1) , is the highest and most extensive plateau in the world; is it also known as the roof of the world (Fan et al. 2010) , and it is surrounded by the Earth's highest mountains, including the Himalayas, Pamir, and Kunlun Shan. The plateau has a cold and dry climate (Sun et al. 2002) . A gigantic tectonic geomorphologic region of Earth, the Tibetan Plateau has experienced remarkable climate change, which has had a serious impact on the alpine grassland ecosystem in recent years (Gao et al. 2009 ).
Date and statistical methods
We collected meteorological date from 127 meteorological observatories around and on the Tibetan Plateau in our study (Fig. 1) The NDVI data were derived from global inventory monitoring and modeling studies (GIMMS) from 1982 to 2013, and a working group provided the third generation of NOAA/AVHRR remote sensing data (NDVI3g), which are composited from 15 days of data using the maximum value composite (MVC) method (Sun et al. 2013) . Improved results are obtained by eliminating the effects of geometry, clouds, aerosols, and other factors on the actual vegetation changes. In addition, the native resolution of the remote sensing products is 0.083°.
As previously mentioned, the daily climatic data from different meteorological stations were presented in a monthly format. Interpolations were made using these points as coordinate and climatic data on the Tibetan Plateau project map via Universal Kriging methodology. The GIMMS NDVI3g and climate factors were analyzed at 0.25°spatial resolution for 1982-2013.
For this study, we took the time series of maximum value of NDVI for the three months of each season for processing, using MVC methods to remove the remaining noise from satellite-borne data sources in the NDVI time series (Sun et al. 2013 ). As we divided the time series into four seasons [spring (March-May); summer (June-August); autumn (September-November); and winter (December-February)] in order to study them more closely, we calculated the rate of change for each season from 1982 to 2013 using the following formula (Xu et al. 2008) :
where n is the natural number, such as 1, 2, 3,…, n beginning with 1982, and MNDVI i is the maximum value of NDVI for each season in year i. On the one hand, SLOPE refers to the index of the degree of change in vegetation, and the amplitude of the changed vegetation index can be represented by the word RANGE, as demonstrated below. Moreover, in this study, we use PERCENTAGE to identify the percentage changes (Sun et al. 2013) :
On the other hand, Pearson indicates the size of data correlation measurements between two groups obtaining magnitude and direction. Moreover, the greater the absolute value of the figure, the greater the strength of the correlation of two variables (Revadekar et al. 2012 ):
where R xy is the correlation index between NDVI and climatic factors; x i is the MNDVI value of the season in i year; X is the average MNDVI value in one season from 1982 to 2013; y i is the climatic factor value of the season in i year; and Y is the average climatic factor value in one season from 1982 to 2013. In addition, the autoregressive integrated moving average (ARIMA) model was used in this paper to analyze the temporal trend of NDVI, temperature, and precipitation (R, ''forecast'' package). Moreover, the data used in this study were analyzed using ArcGIS 9.3 (ESRI, Inc., Redlands, CA, USA), SigmaPlot for Windows version 10.0 (Systat Software, Inc., Chicago, IL, USA), and R software (R Development Core Team 2011).
Results
Spatiotemporal changes of NDVI in the different seasons
The study used the maximum NDVI of the 3 months of each season as a representative value. Figure 2 shows a seasonal variability of NDVI from 1982 to 2013. There was an increasing trend in NDVI over the past 32 years except in winter. The mean values of NDVI are 0.17, 0.32, 0.24, and 0.15 in the spring, summer, autumn, and winter, respectively. Seasonal comparison revealed the largest change rate to be for autumn with 1.30 per 10 years (Fig. 2c) , and the smallest change ratio in winter with 0.30 per 10 years (Fig. 2d) . In the summer, NDVI varied from 0.30 to 0.34, with a minimum of 0.30 in 2012 and a maximum of 0.34 in 2000 (Fig. 2b) . Meanwhile, the NDVI in all seasons are insignificantly changed with time series (p [ 0.05), and all the predicted values of NDVI present gentle trends.
Seven levels were applied in order to demonstrated the trend change of NDVI (Table 1) ; the trend slopes of NDVI are shown in Fig. 3 . No changed trends were detected in Figure 3d suggests that the significant degradation phenomenon was worse in winter than in other seasons, and nearly all of the percentage change values ranged from -40 to 10 % in Fig. 4d .
Temporal changes of temperature and precipitation in different seasons
Variations of the seasonal temperature (SMT) and seasonal precipitation (SAP) across the Tibetan Plateau from 1982 to 2013 were explored (Figs. 5, 6 ), and the average SMT value was 4.78, 14.00, 4.28, and -6.53°C in spring, summer, autumn, and winter, respectively. SMT increased by 0.60, 0.53, 0.50, and 0.68°C per 10 years in the spring, summer, autumn, and winter, respectively. From the data previously analyzed, the warming trend was greater in the cold season than in the warm season. Furthermore, the temperature increased 0.53°C from the lowest to highest value in the winter in the past 32 years. Meanwhile, the temperature in the spring (Fig. 5a) , summer (Fig. 5b) , autumn (Fig. 5c ), and winter ( Fig. 5d ) are significantly changed with time series (p \ 0.01), the R square values are 0.745, 0.865, 0.704, and 0.651, respectively. However, the all seasonal predicted values present gentle trends. The variation of the precipitation (Fig. 6 ) has no significant change in autumn (Fig. 6c) and winter (Fig. 6d) .
The mean values of seasonal precipitation were 57.95 mm and 207.80 mm in spring (Fig. 6a) and summer (Fig. 6b ) from 1982 to 2013, respectively. The precipitation in spring and summer is significantly changed with time series (p \ 0.05); the R square values are 0.554 and 0.353, respectively. In addition, the predicted value of spring precipitation presents increased trends. By contrast, the precipitation was mainly concentrated in the summer, which experienced approximately 60 % of annual precipitation. This finding suggests that approximately 90 % of the annual precipitation is concentrated in the months of May to September.
Relationship between seasonal NDVI and temperature/precipitation Figure 7 shows that seasonal NDVI on the Tibetan Plateau is positively correlated with temperature. Basically, in Sichuan sections, NDVI and temperature appear to have had a significantly positive correlation in the spring (Fig. 7a) , gradually weakening in autumn (Fig. 7c) and winter (Fig. 7d) . A slight negative correlation between NDVI and temperature was found in southern Tibet, especially in the summer (Fig. 7b) . Nevertheless, in the northeastern Tibetan Plateau, negative correlation is shown, except in the winter. Moreover, the correlation has been stronger in the spring and summer than in the autumn and winter. In summary, areas that have a positive correlation were larger than the negative correlation areas on the whole Tibetan Plateau. By contrast, the correlation between NDVI and precipitation is not the same as between NDVI and temperature (Fig. 8) . The significant positive correlation occurs in eastern Qinghai in the spring, which clearly differs from other places in cold regions. In the summer (Fig. 8b) , positive correlation occurs in southern Tibet and northern Qinghai. Nearly most of the Tibetan Plateau appeared in the negative correlation, except in the summer.
Discussions Spatiotemporal changes of NDVI
The seasonal dynamics are represented in the NDVI variations (Fig. 2) . From the early 1980s to 2000, vegetation cover shows a rising trend on the Tibetan Plateau (Liu et al. 2008) . Most regions of the Tibetan Plateau present recovery trends in the spring and autumn but degradation trends in the summer and winter. The above results were verified in another study, which found that, in the Lhasa area, the NDVI achieves its peak point in July or August and its low point in March and April (Peng et al. 2010) . Although in the Three Rivers Headwaters Regions of the Tibetan Plateau, the grassland yield has increased a little from 1988 to 2005; it is not to rule out the possibility that grazing pressures have a negative impact on the restoration of grassland ecosystems . Moreover, the alpine meadow of the Tibetan Plateau presented degradation to a certain extent (Wang et al. 2007 ). In summary, in terms of vegetation cover, the conditions of change were different at different seasons. 
Variations of temperature and precipitation
There is no doubt that the climate in the Tibetan Plateau has been changed not only in time but also in space under the condition of global warming (Meng et al. 2011) . The temperature has a significant creased trend, and there were certain minor fluctuations in precipitation (Wang et al. 2011) . The mean temperature has been increased 0.64°C per 10 years, with the biggest increment shown in the winter, although IPCC (2007) reported that the global mean land surface has warmed 0.27°C per decade since 1979. Our result is found not to be in line with the report of Potter and Brooks (1998) ; they suggested that mean temperatures had increased by 0.37-0.45°C per 10 years between 1960 and 2005 on the Tibetan Plateau. Moreover, it is worth mentioning that the variation of precipitation was greater than the variation of temperature in each season, which may be due to changes in the monsoon system in East Asia (Wang et al. 2011 ).
Effects of temperature and precipitation on seasonal NDVI
The effect of seasonal accumulated precipitation on NDVI was stronger than seasonal mean temperature on it (Figs. 7, 8 ).
For Northern Tibet, a more negative than positive impact was produced by climate change on grassland net primary productivity (Revadekar et al. 2012 ). The regions affected by temperature and precipitation do not overlap in the same season; the reason for this may be the lagging of precipitation. Moreover, the impact of land-use activities on vegetation cannot be neglected (Ji and Peters 2004) . Nevertheless, abrupt changes of climate elements at a small scale cannot directly cause abrupt changes of NDVI. Anomalies of NDVI were not found to be highly correlated with monthly climate data (Shen et al. 2014 ). In addition, over a longer time scale, the correlations of the average temperature determines the changes in NDVI; over a shorter time scale, changes in the magnitude of precipitation have a significant influence on NDVI (Wang Owing to the fact that the Tibetan Plateau is located in a unique geographic environment with the characteristics of middle-low latitude, high altitude, and very low average air temperature (Meng et al. 2011) , the variations of NDVI were mainly out of phase with the increasing air temperature (Liu et al. 2008) . Vegetation was quite sensitive to precipitation in arid regions, and there is a negative correlation between the NDVI and temperature. In contrast, for regions with sufficient precipitation, temperature was the primary factor limiting vegetation growth, and the influence of precipitation on vegetation growth was less important (Shen et al. 2014) . In addition, different types of vegetation may produce different sensitivities to climatic change (Piao et al. 2006) . The seasonal NDVI of temperate desert steppe did not show significant correlation with the temperature in any season. Meanwhile, the correlation between NDVI and precipitation was notable and appeared to exhibit strong lag effects (Bao et al. 2014) .
Conclusions
Based on the above analysis, we knew that the seasonal change trends of NDVI increased incrementally, except in the winter, across the Tibetan Plateau from 1982 to 2013.
Most of the regions were in an insignificant recovery situation, while the eastern and southern Tibetan Plateau appeared to experience significant recovery. In addition, the temperature and precipitation have gradually increased over time. Moreover, the influence of temperature and precipitation differed in different seasons across the Tibetan Plateau. In the spring, the influence of temperature and precipitation were roughly the same on the Tibetan Plateau. The eastern Tibetan Plateau showed a significant positive correlation, but the western regions presented a negative correlation between NDVI and temperature in the summer. However, the regions appeared to have opposite relationships between NDVI and precipitation in comparison with the temperature in summer. In short, this study demonstrates seasonal vegetation changes and emphasizes the important role of seasonal temperature and precipitation in controlling vegetation dynamics. Moreover, more analysis could be done in regards to the hysteresis between vegetation and climatic factors, especially precipitation.
